Precipitable water vapor (PWV) is an important parameter for climate research and a crucial factor to achieve high accuracy in satellite geodesy and satellite altimetry. Currently Global Navigation Satellite System (GNSS) PWV retrieval using static Precise Point Positioning is limited to ground stations. We demonstrated the PWV retrieval using kinematic Precise Point Positioning method with shipborne GNSS observations during a 20-day experiment in 2016 in Fram Strait, the region of the Arctic Ocean between Greenland and Svalbard. The shipborne GNSS PWV shows an agreement of~1.1 mm with numerical weather model data and radiosonde observations, and a root-mean-square of~1.7 mm compared to Satellite with ARgos and ALtiKa PWV. An improvement of 10% is demonstrated with the multi-GNSS compared to the Global Positioning System solution. The PWV retrieval was conducted under different sea state from calm water up to gale. Such shipborne GNSS PWV has the promising potential to improve numerical weather forecasts and satellite altimetry.
Introduction
Atmospheric water vapor is an important parameter for the climate research (Alshawaf et al., 2018; Balidakis et al., 2018) and a valuable input for numerical weather model (NWM; Gutman et al., 2004; Oigawa et al., 2018) . Retrieving precipitable water vapor (PWV) using Global Navigation Satellite System (GNSS) with 1-to 2-mm accuracy has been demonstrated at ground-based stations (Wang et al., 2007) . Static Precise Point Positioning (PPP) method is widely used due to its efficiency and high precision (Byun & Bar-Sever, 2009) , and an improved solution is achieved by multi-GNSS (Li et al., 2015) . PWV from coastal ground-based GNSS stations has also been used to improve satellite altimetry (Brown, 2010; Fernandes et al., 2010; Fernandes et al., 2015) . However, static PPP could only be used at ground-based stationary GNSS stations over land, which is a large limitation. GNSS PWV retrieval from oceanwide platforms can expand GNSS meteorology to the vast ocean and has broad applications in NWM assimilation, satellite altimetry, and weather forecasting.
PWV retrieval from a moving platform is challenging due to the simultaneous estimation of the epoch-wise antenna coordinates and the troposphere delay. It is more difficult in ocean due to the large multipath effect from the water surface and sea ice and the potential rough sea condition caused by large wind. PWV retrieval using relative positioning method was demonstrated with an accuracy of 1-3 mm (Cardellach et al., 2000; Chadwell & Bock, 2001; Dodson et al., 2001) , but relative positioning is limited to coastal regions. Kinematic PPP method does not rely on reference stations and is more suitable in open sea. Using kinematic PPP Rocken et al. (2005) achieved the open-sea Global Positioning System (GPS) PWV retrieval of 1.5-2 mm with respect to (w.r.t.) radiosonde and 2.8 mm w.r.t. Water Vapor Radiometer (WVR); Fujita et al. (2008) demonstrated a GPS PWV agreement of~2.3 mm with~300 radiosonde profiles in equatorial ocean. Kealy et al. (2012) presented the use of GPS PWV for identifying atmosphere synoptic and mesoscale features; Boniface et al. (2012) investigated the difference between GPS PWV and NWM PWV in the Mediterranean Sea and attributed the large offsets to the NWM's excursions during the transition between local weather conditions. This study investigates the use of shipborne GNSS observations for PWV retrieval during a 20-day experiment in Fram Strait between Greenland and Svalbard, the gateway to the Arctic Ocean, where the warm water flows northward from the Atlantic Ocean and the sea ice leaves the Arctic Ocean. This study is different from the aforementioned ones in the following significant ways: (1) We present a throughout comparison of the oceanwide zenith tropospheric delay (ZTD) and PWV retrieval using kinematic PPP, including nearby ground-based GNSS and radiosonde stations, NWM, and Satellite with ARgos and ALtiKa (SARAL) PWV, and the last one is unique compared to other studies and important for further satellite altimetry calibration; (2) the benefit of multi-GNSS in oceanwide PWV retrieval is addressed; (3) the temporal correlation is investigated to expand the service range of shipborne GNSS PWV; and (4) Fram Strait is of great interest for climate research, but poorly observed by satellite altimetry due to ice coverage, and the observations are contaminated by ice. Also, in this study the ship went through different sea conditions from calm water (covered by ice) up to gale (~20-m/s wind); thus, it is more representative.
Data and Method

Shipborne GNSS Observation and Processing
The R/V Lance is used by the Norwegian Polar Institute for regular monitoring and research related to ocean and sea ice properties in Fram Strait (de Steur et al., 2014 (de Steur et al., , 2018 Renner et al., 2014) . During the Fram Strait 2016 cruise from day-of-year (DOY) 238 to DOY 257, a GNSS reflectometry (GNSS-R) setup was installed aboard R/V Lance for the investigation of sea ice (Semmling et al., 2017) , meanwhile a geodetic JAVAD TR_G3TH GNSS receiver was installed on the ship bow, which is about 6 m above water surface. This receiver collected multi-GNSS data at a sampling of 1 Hz, including GPS, GLONASS, and Galileo.
The Positioning And Navigation system Data Analyst (Liu & Ge, 2003; Penna et al., 2018) was used to conduct a GPS + GLONASS + Galileo combined kinematic PPP solution (hereinafter referred to as GRE PPP), where epoch-wise antenna coordinates and ZTD were estimated simultaneously with other parameters. The hydrostatic delay was derived with the Global Pressure and Temperature (GPT) model (Boehm et al., 2007) using Saastamoinen equation (Saastamoinen, 1972) , while the wet delay was estimated as random walk noise with a process noise of 4 mm/ ffiffiffi h p , and the Global Mapping Function (Boehm et al., 2006) was used. The 1-Hz observations were resampled to 30 s, and the forward and backward method was applied to avoid the ambiguity convergence problem. The ionosphere-free combined observations were used with an elevation cutoff of 7°. The GRM final product (Loyer et al., 2016) from Centre National d'Etudes Spatiales/Collecte Localisation Satellites were fixed in the PPP. Besides the GRE PPP, we also conducted the GPS-only PPP solution (hereinafter referred to as GPS PPP) to demonstrate the contribution of the multi-GNSS solution. The usable satellite number per epoch for PPP is shown in Figure 1b . On average 9.62 satellites can be used per epoch for GPS PPP, while the number is doubled for GRE PPP.
As shown in Figure 1a , the ship started on DOY 238 from Svalbard and arrived at Greenland on DOY 248. Then it started to go back and returned to the launch location on DOY 257. During the cruise the ship went through different sea states, with wind speed up to~20 m/s and ship heave up to ±2 m. The ship either stopped for scientific experiment or went at an average speed of~4 m/s (see results in Figure S1 in the supporting information).
The shipborne GNSS PWV was derived from the ZTD estimates, where zenith hydrostatic delay (ZHD) and weighted mean temperature T m were computed from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim pressure level data (Berrisford et al., 2011; Bevis et al., 1994; Zus et al., 2012) . The calculation of ZHD and T m will be discussed in section 2.3.
ZTD at Ground GNSS Stations
As shown in Figure 1a , six nearby ground GNSS stations were used for the validation of shipborne ZTD in coastal areas, including the International GNSS Service (IGS) station NYAL and five stations from the University NAVSTAR Consortium POLENET Greenland Network. The ZTD estimates were derived in static PPP mode for the same period using the similar setting as for the shipborne PPP solution, except that in static PPP receiver coordinates were estimated as daily constant. For the station NYAL kinematic PPP was also conducted, and the root-mean-square (RMS) compared to the IGS final ZTD product (Byun & Bar-Sever, 2009 ) were 0.40 and 0.34 cm for kinematic and static solutions, respectively. However, the ZTD error from shipborne GNSS PPP is usually greater due to the ship motion and the multipath effects.
As the maximum elevation of the reference stations is greater than 1 km, the ZTD height correction is applied before comparing to the shipborne ZTD at an elevation of 6 m. An exponential decay function was used to model the ZTD variation w.r.t. elevation:
where ZTD 0 and ZTD h are the zenith total delays at mean sea level and station elevation, respectively; h is the station elevation. Using the 20-day ZTD estimates of the five stations on Greenland, the ZTD scale height H was estimated to be 7.94 km. Then the ZTD at the elevation of 6 m was derived with this height correction 
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ECMWF Product
The ERA-Interim pressure level data were used to calculate the ZTD, ZHD, and T m on the ship trajectory. The 6-hr sampled 0.125°× 0.125°grid data were linearly and bilinearly interpolated temporally and spatially to obtain the corresponding values at the 30-s sampled ship track. The ZHD and T m were used for the derivation of GNSS PWV from the shipborne GNSS ZTD (Wang et al., 2005) .
In addition to the ECMWF ZTD, the integrated water vapor from ERA-Interim surface product was also used for the validation of shipborne GNSS PWV. The same interpolation method was applied to derive the PWV on the ship track.
Radiosonde Profile
Two radiosonde stations were used for the PWV validation, which are shown in Figure 1a . The station 1004 (identifier: ENAS) in Ny-Alesund has one observation per day at 12:00 UTC. The other station 4320 (identifier: BGDH) located in Greenland has two observations per day at 00:00 and 12:00 UTC. Since the daily radiosonde observation number is low and the ship can be far away from these stations, the spatial and temporal overlap for comparison with radiosonde profiles is small.
Spaceborne Observation
The SARAL is a joint satellite mission of the Indian Space Research Organization and Centre National d'Etudes Spatiales. Designed to realize precise, repetitive global measurements of sea surface height, significant wave heights, and wind speed, SARAL payload integrates a high-resolution single frequency ALtiKa altimeter (Ka-band) that includes a dual frequency radiometer function shared on a common antenna. The two-band radiometer (23.8 and 37 GHz) is used onboard to sense PWV. The 98.538°inclined SARAL orbit has a global coverage including the polar areas and the ship track (Mahesh Kumar et al., 2015; Picard et al., 2015; Verron et al., 2015) .
The crossover between ship trajectory and SARAL is defined as a SARAL footprint of less than 200 km to the ship in 2 hr, which is shown in Figure 1a . All the footprints not marked as "ocean" or flagged as "ice covered" were excluded. Among the rest, those with negative PWV values were also excluded as outliers, which contributes to~1.6%.
Data Comparison Method
The aforementioned data sources are summarized in Figure 2 . Shipborne ZTD was first compared with ground GNSS stations, and at each station all the shipborne ZTD within 200 km was used. The ECMWF products were then used to assess the shipborne ZTD/PWV along the ship track. Shipborne PWV was further compared with radiosonde profiles and SARAL PWV observations. As more observations are available within greater distance, the ZTD/PWV spatial correlation decreases with the increase of distance. Thus, we use different distance criteria when compared with ground GNSS stations 
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Geophysical Research Letters and SARAL observations, that is, 100-300 and 50-200 km, respectively, with an interval of 50 km. The temporal resolution for comparison was set as 2 hr. The shipborne GNSS PWV comparison with ECMWF and SARAL data was done with the direct difference and then using the linear fit, and observations with a difference greater than 3 times of the RMS were excluded; that is, the 3σ rule was applied.
Results and Discussions
ZTD Comparison With Reference GNSS Stations
The ZTD estimates from both GPS PPP and GRE PPP are shown in Figure 3a , together with the ZTD values of reference stations within 300 km from the ship. The RMS values of shipborne GNSS ZTD compared to ground stations within different distance criteria are shown in Figure 3b , and the interstation comparison of ground GNSS ZTD is shown in Figure 3c .
As shown in Figure 3 , shipborne GNSS ZTD agrees well with that at the reference station. The RMS of GPS PPP and GRE PPP is 0.78 and 0.62 cm within 100 km (average: 82 km). Within 300 km (average: 200 km) the RMS values for GPS PPP is 1.22 cm and that for GRE PPP is 1.08 cm. Compared to GPS PPP, ZTD from GRE PPP is improved by~10% within 300 km and~20% within 100 km. Also, with more observations for comparison at a greater distance, the RMS increases due to the less spatial correlation of ZTD in a greater area. The relative large RMS of shipborne GNSS ZTD compared to that at the NYAL station, that is, 0.34/0.40 cm for static/kinematic PPP, could be caused by the ship-ground station distance, the height correction approximation, and the rough sea state. The large ZTD discrepancy between shipborne GNSS and NYAL on DOY 256 was caused by the large water vapor gradient (see results in Figure S2 in the supporting information). 
PWV Comparison With ERA-Interim and Radiosonde
The ZTD values of ECMWF and shipborne GNSS are shown in Figure 4a . The GNSS ZTD shows a good agreement with the ECMWF ZTD, with a correlation coefficient of 98.2% for GPS PPP and that of 98.4% for GRE PPP. The average bias between GPS PPP and ECMWF is 0.28 cm, and the RMS value is 0.75 cm. Compared with GPS PPP, GRE PPP shows an improvement of~13%, with an average bias of 0.08 cm and RMS of 0.65 cm.
The PWV comparison between the ERA-Interim surface product and shipborne GNSS PPP solutions is shown in Figures 4b and 4c . PWV from GPS PPP is about 0.60 mm greater than that of ECMWF, and this systematic bias is reduced to 0.31 mm for GRE PPP. The PWV RMS of GRE PPP (1.09 mm) shows an improvement of 13.5% compared to that of GPS PPP (1.26 mm). The systematic bias between ECMWF PWV and GNSS PWV is also demonstrated in the linear fit result, where the fit slope of GPS PPP is 0.88, while that for GRE PPP is 0.91. The fit RMS of GRE PPP (0.87 mm) is slightly better (4.4%) than that of GPS PPP. The ZTD/PWV discrepancy between shipborne GNSS and NWM is expected to be caused by the NWM error, as the shipborne result agrees well with the nearby ground stations (see Figure 3a ). Figure 4d shows the PWV comparison between shipborne GNSS and radiosonde profiles, where it can be seen that the GRE PPP achieves an RMS of 1.12 mm, indicating an improvement of 10.4% compared to the 1.25-mm RMS of GPS PPP. The distance between the radiosonde stations and the ship varies from 94 to 176 km, with an average value of 136 km. Figures 5a-5d show the PWV of SARAL and GRE PPP within different distances from 50 to 200 km. In general, about 5% of the observations are rejected according to the 3σ rule, and 570 crossovers are available within 200 km with an average distance of 126 km. The PWV RMS between SARAL and GRE PPP is about 1.7-1.9 mm, while the GNSS PWV is about 0.7-0.9 mm greater than that of SARAL. Figures 5e and 5f show the linear correlations between GNSS PWV and SARAL PWV within 200 km. Even though the 1.71-mm fit RMS of GRE PPP is greater than the GPS PPP, that is, 1.67 mm, the 0.04-mm difference (~2%) is insignificant. Compared to GPS PPP PWV, GRE PPP PWV shows a greater correlation (85.2% vs. 84.3%), a less RMS (1.90 vs. 2.10 mm), and a less bias (0.85 vs. 1.23 mm). In general, about 5% of the observations are excluded as outliers via the linear fit.
PWV Comparison With SARAL Observations
Though a good agreement of~2 mm is demonstrated between SARAL PWV and shipborne GNSS PWV, the comparison reveals a systematic bias, where GNSS PWV is about 0.7-0.9 mm greater. Moreover, except for the PWV outliers with negative values excluded before the comparison,~5% of the SARAL crossovers are detected as outliers. Therefore, it is expected that the shipborne GNSS PWV can help in validating and calibrating satellite altimetry PWV.
Conclusions
In this paper, we retrieved PWV from shipborne GNSS observations using the kinematic PPP technique. This technique does not depend on ground reference stations and provides very precise PWV (~1 mm in this study) with high temporal and spatial resolution and works perfectly in the ocean regions. A ZTD agreement of~0.6 cm was achieved compared to ground GNSS stations and NWM, and the PWV agreement was about 1.1 mm compared to NWM and radiosonde profiles, which is better than the previous studies. Furthermore, compared with about 570 SARAL crossovers, the shipborne GNSS PWV shows good agreement with an RMS of about 2 mm, with~5% SARAL observations detected as outliers. The benefit of the multi-GNSS solution was demonstrated with an improvement of 10% compared to GPS-only solution, as with multi-GNSS more satellites are available and the geometry is improved. The spatial correlation of ZTD/PWV was investigated to include more observations, which is important for the validation and calibration of satellite altimetry.
As the atmosphere sounding in the open-sea area is not as convenient as that on land where ground GNSS receivers and radiosonde stations are widely installed, shipborne GNSS technique could be a potential method to retrieve the PWV for weather forecasting. Shipborne GNSS PWV in coastal and polar regions is important for satellite altimetry due to the land and ice contamination problem of the altimetry PWV, and in open sea it also serves as an external source for the validation and calibration. Per day~160,000 vessels are tracked by the Automatic Identification System (https://www.marinetraffic.com) and transmit signals via it; thus, using these shipborne GNSS PWV would have broad applications and significant improvement for atmosphere research. It is also expected to apply this method in real-time to provide additional information for numerical weather prediction.
